Introduction
Recently, there has been an increasing demand for micromachining due to the trend of miniaturization (reduction in size and weight) of technological devices for higher level of performance with minimum energy. Among many minaturization techniques, micro WEDM is playing a significant role to produce various microproducts with higher accuracy and surface finish. It is more advanced, highly efficient and involved low cost. In this process the critical issues are machining responses which are material removal rate, surface roughness, corner radius and the kerf width. Kerf determines the internal corner radius and ultimately determines the dimensional and shape accuracy of the finished part. The kerf is calculated by summing up the wire diameter, and twice of wire-workpiece gap distance as expressed by Eq. 1. However, due to spark vibration the gap between wire and workpiece is not same on both sides. The detailed section of the kerf width is shown in Fig. 1 [1] .
In other words, kerf width is the width that is wasted during machining. From the investigation of the effects of WEDM machining parameters on the kerf for cutting stainless steel of grade 304L and SS 304L, it has been observed that gap voltage, pulse on-time, pulse off-time, wire feed rate and dielectric flushing pressure are the important and controllable process parameters of micro WEDM process. However, it is concluded that pulse on-time and dielectric flushing pressure are the most significant factors, while gap voltage, pulse off-time and wire feed are the less significant factor to the kerf width. Similar results were also found when WEDM is performed on other materials [2] . It is always hard to achieve minimum Kerf width with high material removal rate (MRR). It was discovered that there are optimum parameter combination for the minimum kerf by using the analysis of signal-to-noise (S/N) ratio and ANOVA. The highly effective parameters on both the kerf and the MRR were found as gap voltage and pulse duration, whereas wire speed and dielectric flushing pressure were less effective factors.
Where A is the distance, B the kerf width, D the wire diameter and d 0 is the distance between wire and workpiece. Fig. 1 : (a) Spark between wire electrode and workpiece [3] , and (b) top view of the kerf [1] machined by WEDM. The results showed that gap voltage was about three times more important than the pulse duration for controlling the kerf. The gap voltage was about six times more influential than pulse duration for controlling the MRR [4] . Construction of the kerf is shown in Fig. 1a . In machining process, when the distance d 0 between wire and workpiece becomes close enough, the dielectric fluids in the clearance is broke down by the voltage between two electrodes and then the discharge occurs. Due to the random discharge force acting on the flexible wire of diameter D, the wire will vibrate stochastically in the gap. Distance A is supposed to be maximum amplitude for the lateral vibration in the section. Neglecting the secondary discharge caused by the debris, the kerf width (B) cut by the micro-WEDM can be expressed in Eq. (1). Therefore, when the wire electrode is preselected, the kerf width is mainly decided by the breakdown distance d 0 and wire lateral vibration amplitude A.
The breakdown distance d 0 is the minimum distance from wire to workpiece when discharge does not happen. The value of d 0 depends on the electric field intensity and insulation medium between two electrodes. However, it is difficult to calculate the breakdown distance according to theory because the breakdown condition is greatly influenced by the purity of insulation medium. Thus, the breakdown distance should be obtained through experiments [3] . Hence, the objective of this paper is to model the kerf width in terms of gap voltage and capacitance.
Experiment
The controllable machining parameters and other fixed parameters used in this analysis are listed in Table 1 . Factorial combination of two controllable parameters with three levels for each of them was used to design experiment. The factorial design provides nine experiments as listed in Table 2 . The workpiece and electrode materials were copper and tungsten carbide respectively. A 10 mm x 20 mm sized small piece of thin copper plate of 2 mm thickness was polished and then used as a workpiece. Then micro WEDM option of integrated multi-process micromachining tools DT 110 (Mikrotools Inc., Singapore) was used to conduct the experiments. In fact, this machine contains, micro EDM, micromilling, micro turning options. Each axis of this machine has an optical linear scale with resolution of 0.1 µm. The travel range along x, y, and z direction was 210 mm, 110 mm and 110 mm respectively.
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The kerf or micro-slot is usually the width of the cut due to the wire electrode passing only once. After cutting all the slots accordingly to the machining parameters (Table 2) , the sample was cleaned and then coated with conductive materials for inspection using scanning electron microscope (SEM). For a single slot, the kerf was measured in three different places and their average is recorded as the kerf. The SEM image of one of the cut slot that is the kerf is shown in Fig  2(a) and the measured dimensions of kerf are listed in Table 2 . It can be seen that there is variation of kerf because of micro WEDM machining parameters. These variations were analyzed to develop models and correlations as discussed in the following subsection.
Results and Analysis
The experimental parameters and measured values of kerf were analyzed using ANOVA to analyze the effects of the parameters capacitance and gap voltage on the response kerf. The Design Expert software was used for this analysis. The response surface quadratic model was found to be the best fit model. The kerf is expected to be larger when the capacitance and the voltage are increased. Since the higher capacitance and voltage are giving higher energy, it increases the vibration. The prob > F value was found to be 0.0008 which indicates that the model relationship is significant. The quadratic model is expressed by Eq. 2. This equation is best suited for the parameter range as shown in Table 1 . This indicates that the increase of the kerf is caused by the increase of the capacitance, voltage, and their interactions. Fig. 2b shows the relationship between the capacitance and Kerf. It shows that the kerf is highly influenced with the capacitance and their interactions. A slight change to the capacitance causes a big change on the kerf. Fig. 2c shows the relationship between the voltage and the kerf. Here the kerf also increases with the increase of the voltage. However, unlike the capacitance, the voltage has less influence on the kerf. Fig. 2d shows the contour plot of kerf with respect to the joint effect of capacitance and gap voltage. The optimization of the analysis showed the values of parameters for minimum kerf width. Based on this experimental analysis with 70 µm electrode wire diameter, a minimum kerf of 91.7 µm can be obtained with 0.01 µF capacitance and 90.25 V gap voltage. 
Conclusions
In this research the experimental study of kerf in micro WEDM is performed. This is a simplified approach compared to the reported theoretical process which required measuring the wire vibration. It is also very hard to measure the actual displacement of the wire because of spark and flush factors [1] . As a result, an empirical model is developed (Eq. 2). It can be concluded that:
1. Capacitance has most influence on the kerf compared to gap voltage 2. For a wire electrode diameter of 70 µm, the kerf was found to be 91.7 µm. So the slot is increased by about 30% which is high. It can be caused because of vibration of the electrode wire and DT 110 micromachine. 3. It is recommended that the wire vibration factor is to be included in the analysis as the gap voltage determines the breakdown distance and also affects the wire vibration.
